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Corona BT, Garg K, Ward CL, McDaniel JS, Walters TJ,
Rathbone CR. Autologous minced muscle grafts: a tissue engineer-
ing therapy for the volumetric loss of skeletal muscle. Am J Physiol
Cell Physiol 305: C761–C775, 2013. First published July 24, 2013;
doi:10.1152/ajpcell.00189.2013.—Volumetric muscle loss (VML) re-
sults in a large void deficient in the requisite materials for regeneration
for which there is no definitive clinical standard of care. Autologous
minced muscle grafts (MG), which contain the essential components
for muscle regeneration, may embody an ideal tissue engineering
therapy for VML. The purpose of this study was to determine if
orthotopic transplantation of MG acutely after VML in the tibialis
anterior muscle of male Lewis rats promotes functional tissue regen-
eration. Herein we report that over the first 16 wk postinjury, MG
transplantation 1) promotes remarkable regeneration of innervated
muscle fibers within the defect area (i.e., de novo muscle fiber
regeneration); 2) reduced evidence of chronic injury in the remaining
muscle mass compared with nonrepaired muscles following VML
(i.e., transplantation attenuated chronically upregulated transforming
growth factor-�1 gene expression and the presence of centrally lo-
cated nuclei in 30% of fibers observed in nonrepaired muscles); and 3)
significantly improves net torque production (i.e., �55% of the
functional deficit in nonrepaired muscles was restored). Additionally,
voluntary wheel running was shown to reduce the heightened accu-
mulation of extracellular matrix deposition observed within the re-
generated tissue of MG-repaired sedentary rats 8 wk postinjury
(collagen 1% area: sedentary vs. runner, �41 vs. 30%), which may
have been the result of an augmented inflammatory response [i.e., M1

(CCR7) and M2 (CD163) macrophage expression was significantly
greater in runner than sedentary MG-repaired muscles 2 wk postin-
jury]. These findings support further exploration of autologous minced
MGs for the treatment of VML.

minced muscle graft; volumetric muscle loss; skeletal muscle injury
and damage; tissue engineering; tissue regeneration

VOLUMETRIC MUSCLE LOSS (VML), defined as “the traumatic or
surgical loss of skeletal muscle with resultant functional im-
pairment” (22), is common in civilian and military populations
following penetrating extremity trauma, crush injuries, and
compartment syndrome and is often a comorbidity to open
bone fracture (9, 18, 21, 32, 42). In both preclinical animal
models and in humans, VML results in an irrecoverable loss of
functional muscle tissue (16, 36, 69, 71), and muscle synergist
compensatory hypertrophy is incapable of restoring function to
the muscle unit (36, 69, 71). There is no clinical standard of
care for VML, and treatment options are limited. In severe
cases, functional muscle transfers have been performed suc-
cessfully (32), although considerable surgical experience is

required to perform these procedures. Additionally, in military
populations physical therapy with the aid of IDEO bracing, a
polycarbonate brace that allows for limb loading, has resulted
in improved performance on physical assessment batteries
(43). However, it remains unclear as to whether or not the
remaining muscle mass after VML maintains the capacity for
plasticity in response to physical therapy. Overall, the etiology
of VML is not understood.

Skeletal muscle regeneration requires a complex interaction
among numerous cell types and tissues. Mammalian muscle
can self-repair, regenerate, and remodel if the basal lamina
remains relatively intact (10, 35), satellite cells are activated
(30, 45), an appropriate inflammatory response ensues (60, 67),
and supporting vascular (38), neural (20), and cellular (e.g.,
fibroblasts; Ref. 40) elements are present. This is apparent in a
variety of animal injury models, such as toxin (44), freeze (67),
eccentric contraction (34), laceration (31), and ischemia-rep-
erfusion injury (17), in which severely damaged tissue under-
goes significant, if not complete, regeneration. Conversely,
with VML there is a void in the tissue wherein basal lamina
and other supporting elements are unable to serve as a foun-
dation for myofiber regeneration. As a result, regeneration is
aberrant with the remaining muscle mass undergoing an atro-
phic remodeling, marked by fibrosis and chronic muscle fiber
damage (16, 69).

Over the past decade there has been an emphasis on devel-
oping tissue engineering therapies for the repair of VML. A
paradigm has been adopted in which isolated components of
the basic elements for regeneration are transplanted to the
defect site. For instance, biological decellularized extracellular
matrix materials (ECM) have been transplanted to the site of
VML or VML-like injuries (63, 65). It is thought that the
transplanted ECMs promote a targeted immune response, me-
diating constructive remodeling within the defect (64). This
process relies on the migration of myogenic cells from the host,
which may be hindered in many conceivable ways (e.g.,
fibrous tissue formation), and therefore appears to require an
extended postsurgical time to observe significant skeletal mus-
cle fiber regeneration (63), if at all (14, 62). In an attempt to
hasten and ultimately improve regenerative outcomes, ECMs
have been supplemented with stem or progenitor cells (e.g.,
Refs. 14, 37). For example, mesenchymal stem cells delivered
to ECMs at the site of injury have been shown to enhance
muscle tissue regeneration after VML (37) and laceration
injury (41), although this is not always the case (16).

Since tissue engineering strategies aim to recapitulate nor-
mal regenerative processes, it seems pertinent to regard the
contribution of satellite cells given their well-documented role
throughout all phases of muscle regeneration (30, 50). Re-
cently, several reports have demonstrated the usefulness of
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single muscle fibers for the delivery of satellite cells (13, 23,
47, 57). Importantly, this technique overcomes the initial death
that normally results when satellite cells are delivered as
isolated cell populations (13). Despite the promise single fiber
transplants hold, the need for regulatory approval and the need
for expertise for the technique are limiting factors for clinical
translation. Conversely, the transfer of minced muscle grafts,
which are essentially bundles of single fibers, may be a tech-
nically less challenging procedure with direct translational
impact (5). Further, while the transfer of single muscle fibers
offers the benefit of delivering satellite cells, transplantation of
minced muscle grafts delivers other cell types and a native
ECM that are important to the regenerative process. The
regenerative capacity of minced muscle grafts has been known
for decades described extensively in the seminal articles of
Studitsky (55) and Carlson (11); however, this relatively sim-
ple technique has been overlooked in the pursuit of more
complex tissue engineering strategies. The purpose of this
article was to determine if minced autologous grafts provide a
suitable foundation for therapies of VML injury.

METHODS

Experimental Design

Male Lewis rats with VML either received no repair or were
repaired with autologous minced muscle grafts. In an initial study,
single housed rats with normal cage activity (sedentary; Ref. 6) from
each treatment group were allotted to one of three time points
postinjury: 2, 8, or 16 wk. At these times, tissue was collected for
histological and molecular analyses. At 8 and 16 wk only, rats
underwent in vivo mechanical functional testing of the anterior crural
muscles before tissue harvest. Upon finding that the minced graft
transplantation promoted de novo muscle fiber regeneration and
partially restored the functional capacity of the injured muscle, a
second study was performed to determine if increased activity during
an 8-wk postsurgical period improved tissue regeneration. In this
study, minced graft-repaired rats were given access to running wheels
in their cages beginning at 1 wk postinjury and until 2 or 8 wk
postinjury, at which time muscle mechanical testing (8 wk only) and
tissue harvest occurred.

Animals

This work has been conducted in compliance with the Animal
Welfare Act and the Implementing Animal Welfare Regulations and
in accordance with the principles of the Guide for the Care and Use
of Laboratory Animals. All animal procedures were approved by the
United States Army Institute of Surgical Research Institutional Ani-
mal Care and Use Committee. Adult male Lewis rats (Harlan Labo-
ratories, Indianapolis, IN) were housed in a vivarium accredited by the
Association for the Assessment and Accreditation of Laboratory
Animal Care International.

Cell Proliferation and Immunocytochemistry

Tibialis anterior (TA) muscle tissue was minced to �1-mm3 pieces
as described below, and fractions were placed in wells of a 48-well
tissue culture treated plate coated with collagen [Rat Tail Collagen I
(BD Biosciences) at 25 �g/cm2 in 0.02 M acetic acid]. Autograft
tissue was cultured in growth medium (DMEM/F-12 supplemented
with 20% FBS containing 1% penicillin/streptomycin) for up to 14
days in a humidified incubator at 37°C (5% CO2). Media were
changed every 3–4 days. On days 1, 5, 7, 10, and 14 (n � 6 wells/time
point), plates were washed with PBS and stored at �80°C. The
CyQUANT cell proliferation assay kit (Life Technologies, Grand
Island, NY) was used to measure nucleic acid content over time as an

index of cell proliferation. Briefly, the plates containing the cells were
thawed, incubated with the fluorescent dye and lysis buffer from the
CyQUANT kit, and read on a SpectraMax M2 plate reader (Molecular
Devices, Sunnyvale, CA) with excitation at 480 nm and emission at
520 nm. DNA content was determined by correlating fluorescence
measurements to a standard curve prepared using DNA diluted in the
CyQUANT fluorescent dye and lysis buffer. For myogenic cell
characterization, desmin immunostaining [1° Ab, desmin (Sigma); 2°
Ab, Alexa Fluor 594 (Invitrogen)] was performed using standard
procedures (14).

Scanning Electron Microscopy

After being minced, autograft tissue was placed in a well plate and
fixed with 2.5% phosphate-buffered glutaraldehyde (0.1 Ml pH 7.2–
7.4) overnight at 4°C. The tissue was then washed with PBS and
dehydrated through a series of alcohol concentrations (50–100%)
before air drying. The tissue was mounted to a specimen stub using
double-sided carbon tape. Samples were sputter-coated with gold (108
Auto Sputter Coater; TedPella, Redding, CA) and then visualized
using a Carl Zeiss VP-40 field emission scanning electron microscope
(Oberkochen, Germany) operated at a scanning voltage of 2 kV.

Surgical Creation and Treatment of VML Injury

The surgical procedure for creating VML in the rat TA muscle was
performed as described previously (16, 71). With the use of aseptic
technique, a surgical defect of �10 � 7 � 3 mm (length � width �
depth) was created in the middle third of the TA muscle in left leg
using a scalpel. The excised defect weight approximated �20% of the
estimated TA muscle weight using a regression equation based on the
rat’s body weight at the time of surgery, as reported previously (71).
Defect weights for each experimental group are listed in RESULTS (see
Table 2). As per experimental condition, TA muscles were repaired
with autologous minced muscle grafts, which were created using the
piece of TA muscle excised for the VML defect and mincing it using
Vanna scissors into �1-mm3 fragments. The minced tissue was then
placed orthotopically into the fresh wound bed within �10 min and
held in place by the fascia that was closed using Vicryl suture. Rats
were administered buprenorphine-HCl, 1.0 mg/kg sq 30 min before
surgery and at 12 and 24 h postoperatively.

A subset of rats repaired with minced grafts were housed with
unrestricted access to a running wheel (model 80859; Lafayette
Instruments). Access was given starting 1 wk after VML injury and
was continued for 1 or 7 wk (i.e., 2 or 8 wk postinjury). Running
distance was monitored constantly and recorded on a PC using the
hardware and software provided with the system, and the total daily
distance run by each rat was determined.

In Vivo Anterior Crural Muscle Functional Testing

Anterior crural muscle in vivo mechanical properties were mea-
sured in anesthetized rats (isoflurane 1.5–2.0%) in both legs as
previously described (16, 71). Core body temperature was monitored
and maintained at �36–37°C. A nerve cuff with multistranded stain-
less steel (632; Cooner Wire) wire electrodes was implanted in each
leg around the peroneal nerve. Legs were tested separately and in a
randomized order. The foot was strapped to a footplate using silk
surgical tape attached to a dual-mode muscle lever system (model
305b; Aurora Scientific). The knee was secured on either side using a
custom-made mounting system, and the knee and ankle were posi-
tioned at right angles. Optimal voltage (2–5 V) was then set with a
series of tetanic contractions (5–10 contractions; 150 Hz, 0.1-ms pulse
width, 400-ms train). Maximal isometric torque of the anterior crural
muscle unit [TA, extensor digitorum longus (EDL), and extensor
hallucis longus (EHL) muscles] was derived from this testing. Then,
a skin incision was made at the anterolateral aspect of the ankle and
the distal EDL muscle tendon, and the EHL muscle was isolated and
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severed above the retinaculum. The TA muscle and tendon, as well as
the retinaculum, were undisturbed. Four to five tetani were performed
with a 1-min rest interval to allow for torque stabilization. Preliminary
testing indicated that the contribution of the tenotomized EDL muscle
was negligible in this testing system (e.g., TA muscle torque with
EDL distally tenotomized vs. EDL ablation, 23.1 � 0.8 vs. 22.4 � 0.4
N/mm; n � 3; P � 0.171). This is likely because the released EDL
muscle was in an extremely shortened position and therefore produced
little force upon stimulation (25). TA muscle isometric torque as
function of stimulation frequency (10–200 Hz) was assessed with a
1-min rest interval (0.1-ms pulse width, 400-ms train).

Following the isometric assessment, a subset of rats (n � 4 per
group) at 16 wk postinjury underwent TA muscle in vivo isokinetic
tetanic torque testing as a function of velocity (�400–2,000°/s; 150
Hz). Shortening contractions (positive velocities) were performed
before lengthening contractions (negative velocities) to avoid injury to
the muscle. For shortening contractions, the foot started at 90° and
was passively plantarflexed 19° and then the foot was dorsiflexed 38°
while the muscle was stimulated (150 Hz, 0.1-ms pulse width). The
train duration of the shortening contractions ranged from 19 to 380 ms
for the fastest to slowest contractions, respectively. For lengthening
contractions (starting at 90°), the foot was passively dorsiflexed 19°.
In the dorsiflexed position, the anterior crural muscles were stimulated
for 120 ms isometrically and then, while still active, plantarflexed 38°.
Peak torque, work, and average power were calculated from the
isokinetic contractions.

In Vivo Intramuscular Glycogen Depletion and Analysis

For a subset of rats at 8 wk postinjury, the common peroneal nerved
was stimulated to deplete intramuscular glycogen within the TA
muscle fibers applying the principles described by Armstrong et al.
(2). This methodology was used to determine if minced graft-associ-
ated regenerated muscle fibers were innervated, as only innervated
muscle fibers will become glycogen depleted in response to continu-
ous neural stimulation (8). Four contractile fatigue bouts were per-
formed. Bouts 1 and 2 consisted of 100 contractions with a 1-s rest
between. Bouts 3 and 4 consisted of 150 contractions with a 0.5-s rest
between contractions. A 1-min rest was given between bouts. All
contractions were isometric with the following neural stimulation
parameters: 100 Hz, 0.1-ms pulse width, 200-ms train. Muscles were
harvested immediately following the bout 4 and frozen for histology.
TA muscles repaired with minced grafts that underwent the stimula-
tion protocol (n � 3) or did not (n � 3) were sectioned (8 �m) and
stained for glycogen (periodic acid-Schiff). Per muscle, 3–10 non-
overlapping �20 images from the remaining muscle mass and defect
area were captured for analysis. Grayscale images were thresholded to
remove background from “nontissue” areas within the image, and then
the mean pixel intensity was measured using ImageJ (National Insti-
tutes of Health). For reporting, the mean pixel intensity was trans-
formed: glycogen content � 1/mean pixel intensity � 1,000.

Histological and Immunohistochemistry Analysis

TA muscles were embedded in a talcum-based gel and frozen in
2-methylbutane (Fisher Scientific) super-cooled in liquid nitrogen using
standard methodology reported previously (16). Frozen cross sections (8
�m) were cut from the middle third of the TA muscle in the area where
the original surgical defect was made. Immunofluorescence stained tissue
sections were probed for collagen 1 (1:500; AB755P; Millipore, Billerica,
MA), sarcomeric myosin (1:10; MF20; Developmental Studies Hybrid-
oma Bank, Iowa City, IA), laminin (1:200; AB11575; Abcam, Cam-
bridge, MA), CD68 (1:50; MCA341R; AbD Serotec, Raleigh, NC),
wheat germ agglutinin (1:20; Alexa Fluor 488 WG; Invitrogen, Grand
Island, NY), von Willebrand factor (vWF; 1:200; AB7356; Millipore,
Billerica, MA), �-bungartoxin Alexa Fluor 647 (1:100; B35450; Molec-
ular Probes, Grand Island, NY), and nuclei (DAPI; 1:100; Invitrogen).
Corresponding Alexaflour 488- and 596-labeled secondary antibodies

(1:200–1:500; Invitrogen) were incubated at room temperature for 1
h. Qualitative assessments of immunostained sections were made by
observing three sections (separated by no 	160 �m) from three to six
muscles per time point per group. For quantification of area, minimum
diameter, and circularity of fibers regenerated in the defect area in
sedentary and active (runners) rats, laminin-stained sections were
analyzed by manually tracing fibers in nonoverlapping images in
ImageJ. Additionally, the area fraction of collagen 1 and myosin in the
defect area of dual-probed sections were quantified in nonoverlapping
images using ImageJ. Red, green, blue channels were separated and
then thresholded to remove background. Analyses of fibers in the
regenerated area following minced graft repair were performed in
three to five muscles per experimental group (sedentary and active).

Sections from contralateral uninjured, nonrepaired, and minced
graft-repaired VML-injured muscles stained with hematoxylin and
eosin were analyzed for the presence of fibers with centrally located
nuclei within the remaining muscle mass. Eight to fifteen nonover-
lapping �20 images of a cross section from the middle of the muscle
(within the remaining muscle mass for VML-injured muscles) from
three to four muscles from each group at 8 and 16 wk postinjury were
analyzed using Image J (National Institutes of Health). Only fibers
within the remaining muscle mass were counted. Approximately
1,500 fibers were counted for each group per time point.

Quantitative RT-PCR

RNA was isolated from snap frozen cross sections of TA muscle (3–6
samples per group) that was comprised of both the defect area and the
remaining muscle mass (50–100 mg). RNA was extracted using Trizol
LS reagent (Invitrogen) and purified using RNeasy mini kit (Qiagen). The
yield of RNA was quantified using a NanoDrop spectrometer (NanoDrop
Technologies) and optical density (OD)260/280 ratios were determined..
RNA (500 ng) was reverse transcribed into cDNA using the Super-
Script III first-strand synthesis kit (Invitrogen). The primer sets used
in the study are listed in Table 1. All primer sets have been synthe-
sized by Sigma-Aldrich DNA oligos design tool. Aliquots (2 �l) of
cDNA were amplified with 200 nM forward/reverse primers, SYBR
GreenER (Invitrogen) in triplicate using a Bio-Rad CFX96 thermal
cycler system (Bio-Rad). Nontemplate control and no reverse tran-
scriptase controls were run for each reaction. Gene expression was
normalized to 18S (housekeeping gene) to determine the 
CT value.
Expression levels for each mRNA transcript were determined by the
2�

CT method by normalizing each group (VML or no repair) to its
contralateral control, with the exception of comparison made between
sedentary and running minced graft groups in which the control legs
were not of a similar condition. For these comparisons, gene expres-
sion from both the control and VML TA muscle were expressed as
2�
CT � 106.

Western Blot

The myofibrillar fraction of cross sections that comprised both the
defect area and remaining muscle mass of TA muscles (5 muscles per
group) was extracted as described previously (14). Protein concentra-
tions were determined with the Pierce BCA protein assay kit (Thermo
Scientific). Proteins were resolved by SDS-PAGE using 20 �g of total
protein per sample on 4–20% Tris-glycine gels (Bio-Rad). Transfer
was made onto nitrocellulose membranes, stained with Ponceau to
ensure equal loading, and subsequently blocked for 1 h at room
temperature in Tris-buffered saline containing 0.05% (vol/vol) Tween
20 (TBST) and 5% (wt/vol) nonfat dried milk. Membranes were then
incubated overnight at 4°C in TBST containing 5% (wt/vol) bovine
serum albumin and desmin (Epitomics; Abcam) primary antibody
diluted 1:1,000. Membranes were rinsed six times in TBST and then
incubated at room temperature for 1 h in TBST and 5% milk
containing peroxidase-conjugated goat anti-rabbit secondary antibody
diluted 1:3,000. Membranes were rinsed six times in TBST before
exposure to ECL Reagents (Invitrogen). The membranes were then
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imaged using the Odyssey Fc system (LI-COR Biosciences, Lincoln,
NE). The optical density of desmin was normalized to that of the
�42-kDa Ponceau-stained band (28) and used for quantitative anal-
ysis.

Statistics

Dependent variables were analyzed using one and two-way ANOVAs
or independent samples t-tests. Post hoc means comparisons testing
was performed when a significant ANOVA was observed. Alpha was
set at 0.05. Values are listed as means � SE. Statistical testing was
performed with Prism 6 for Mac (Graphpad, La Jolla CA).

RESULTS

In Vitro Analysis of Minced Grafts

TA muscle tissue was minced into �1mm3 pieces using Vanna
scissors and placed orthotopically in a volumetric defect in the

superior aspect of middle third of the TA (Fig. 1, A and B). Within
each minced tissue, bundles of fragmented muscle fibers with
presumptive endomysium and perimysium connective tissue
components are present (Fig. 1, C and D) (26). Minced grafts
were cultured on collagen-coated dishes to demonstrate the
proliferative capacity of cells emanating from the minced
tissue as well as the myogenicity of the explant. Proliferation
of cells derived from the minced graft were observed out to 14
days (Fig. 1E). Desmin� cells with characteristic morphology
of satellite cells and myotubes were observed on the plate after
5 and 14 days of culture (Fig. 1, F and G).

Early Response After VML

Immunohistology at the site of injury. Two weeks postinjury,
qualitative immunohistological analyses were performed at the
site of the defect (Fig. 2, A–H). Nonrepaired tissue exhibited

Table 1. Nucleotide sequence for primers used for quantitative RT-PCR

Gene Forward Sequence Reverse Sequence Amplicon Length, bp

Collagen 1 5=-CTGGTGAACGTGGTGCAG-3= 5=-GACCAATGGGACCAGTCAGA-3= 123
CCR7 5=-GCTCTCCTGGTCATTTTCCA-3= 5=-AAGCACACCGACTCATACAGG-3= 107
CD163 5=-TCATTTCGAAGAAGCCCAAG-3= 5=-CTCCGTGTTTCACTTCCACA-3= 101
CTGF 5=-CAAGCAGCTGGGAGAACTG-3= 5=-ACAGGGTGCACCATCTTTG-3= 127
TGF-�1 5=-GTCAGACATTCGGGAAGCA-3= 5=-CCAAGGTAACGCCAGGAAT-3= 138
eMHC 5=-TGGAGGACCAAATATGAGACG-3= 5=-CACCATCAAGTCCTCCACCT-3= 180
MyoD 5=-CGTGGCAGTGAGCACTACAG-3= 5=-TGTAGTAGGCGGCGTCGTA-3= 133
Myogenin 5=-CTACAGGCCTTGCTCAGCTC-3= 5=-GTTGGGACCAAACTCCAGTG-3= 153
Pax7 5=-GCAGTCGGACCACATTCAC-3= 5=-CGCACGACGGTTACTGAAC-3= 155
CD31 5=-ACCTCCAAGCAAAGCAAAGA-3= 5=-GACGGCTGGAGGAGAGTTC-3= 169
Desmin 5=-TACACCTGCGAGATTGATGC-3= 5=-TTAGGTGTCGGATCTCCTCCT-3= 142
Dystrophin 5=-GCCAAAGTTTGAACCAGGAC-3= 5=-ACAGGCCTTTATGCTCATGC-3= 183
18S 5=-GGCCCGAAGCGTTTACTT-3= 5=-ACCTCTAGCGGCGCAATAC-3= 173

CTGF, connective tissue growth factor; TGF-�1, tranforming growth factor-�1; eMHC, embryonic myosin heavy chain.
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Fig. 1. Minced skeletal muscle graft characterization in vitro. A and B: minced grafts were created by mincing the superficial portion of the middle third of the
tibialis anterior (TA) muscle into �1-mm3 pieces. Minced grafts were then placed orthotopically in the fresh wound bed. C and D: scanning electron microscopy
was performed to illustrate the gross structure of minced grafts. In D, arrows demarcate perimysium and endomysium connective tissue (white) and neurovascular
structures (black). E: minced grafts were cultured in vitro to demonstrate that proliferative capacity of resident progenitor cells. Proliferation was analyzed by
measuring nucleic acid content over 14 days in culture. F and G: daughter cells from a single minced graft were probed for desmin protein expression at 5 (F)
and 14 (G) days of culture. Arrows denote desmin-positive myoblasts or myotubes, and # denotes desmin-negative cells.
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little evidence of muscle fiber regeneration, marked by the
absence of regenerating myosin� fibers and the formation of a
band of connective tissue (collagen 1�), as observed previ-
ously (14, 16). In contrast, minced graft-repaired muscles
demonstrated signs of de novo muscle fiber regeneration within
the defect area, as evidenced by myosin� fibers, macrophages
(CD68�), and vessel formation (vWF�). As observed previ-
ously in this model with muscle-derived ECM transplantation
(16), the area of macrophage infiltration (CD68� cells) ap-
peared localized to the defect area for minced graft-repaired

muscles but within the remaining native tissue for nonrepaired
muscle. Moreover, collagen 1� matrix and laminin� structures
were present throughout the defect area in minced graft-
repaired muscle, indicating the presence of a putative scaffold
for continued regeneration.

Whole muscle gene expression. Expression of genes in-
volved in the early regenerative response of minced graft-
repaired and nonrepaired injured muscles was characterized
from cross sections of muscle comprised of both the defect area
and the remaining muscle mass 2 wk postsurgery (Fig. 2, I–P).
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Fig. 2. Promotion of an early regenerative response of volumetric muscle loss (VML) injured muscle with minced graft transplantation. TA muscles were
harvested 2 wk postinjury in nonrepaired (NR) and minced graft (MG)-repaired muscles. A–H: defect area was qualitatively analyzed using immunohistochemical
staining for myogenesis (myosin, MF20), inflammation (pan-macrophage staining, CD68), vascularization [von Willebrand Factor (vWF)], and extracellular
matrix deposition (collagen 1). Three to five muscles per group and per stain were analyzed. Note: diagram of the TA muscle cross section illustrates where the
depicted images for each group were captured. White dotted lines denote the approximate interface between the remaining muscle mass (left) and the defect area
(right). Scale bars � 50 �m. I–P: tissue samples comprised of the defect area and the remaining muscle mass were assayed for myogenic (Pax7, MyoD,
myogenin, and embryonic myosin heavy chain), inflammatory [M1 (CCR7) and M2, (CD163) macrophages], angiogenic (CD31), and extracellular matrix
signaling (connective tissue growth factor) gene expression. Values are means � SE; n � 3–5 per group. *P 	 0.05, statistically significant differences between
groups.
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The myogenic response was significantly greater within
minced graft-repaired than nonrepaired muscle, as indicated by
a greater expression of Pax7, myogenin, and embryonic myo-
sin heavy chain. However, it should be noted that some
markers of myogenesis were still upregulated in the nonre-
paired tissue (e.g., myogenin and embryonic myosin heavy
chain was 3.4- and 8.3-fold greater, respectively, in injured
than contralateral uninjured muscles). Expression of CCR7, a
marker of M1 macrophages (58), was upregulated similarly in
both groups (�3-fold), while CD163 expression, a marker of
M2 macrophages (48), was only upregulated (�6-fold) in
minced graft-repaired muscle, reflective of an M2 polarization
of the infiltrating macrophages (7, 48). CD31, an endothelial
cell marker, was also only upregulated in minced graft-repaired
muscle (�2-fold). The expression of connective tissue growth
factor, a fibrotic marker (56), was upregulated similarly (�4-
fold) for both groups.

Prolonged Response After VML

Body and muscle wet weight. There were no differences
among group means for body weights at the time of surgery or
between groups at 8 and 16 wk postinjury (Table 2). The mean
wet weight of the TA muscle VML defect was also similar
among all groups (Table 2). TA muscle wet weight for con-
tralateral control muscles was not significantly different be-
tween groups at either time point. The wet weight of the TA
muscles from the injured leg of the nonrepaired group was
significantly reduced by �12 and 18% at 8 and 16 wk postin-
jury compared with its contralateral leg, respectively. In con-
trast, TA muscle weights from the minced graft group were
similar between contralateral and injured legs. TA muscles
from the injured leg of the minced graft group were signif-
icantly heavier than those of the nonrepaired group by �11
and 21% at 8 and 16 wk postinjury, respectively (Table 2).
Eight weeks postinjury EDL muscle weights were similar
among all groups. However, 16 wk postinjury EDL muscle
weight was increased by �10% in the injured legs of both
nonrepaired and minced graft groups, suggestive of com-
pensatory hypertrophy (46).

Anterior crural muscle torque. Maximal isometric torque
(150 Hz) of the anterior crural muscles was measured bilater-
ally at 8 and 16 wk postinjury (Table 2). At these times, torque
produced by contralateral control muscles was similar between
nonrepaired and minced graft groups. At 8 wk postinjury, there
tended to be a significant improvement in torque produced by
the injured leg for the minced graft compared with the nonre-
paired group (P � 0.06). At 16 wk postinjury, maximal torque
for the injured leg was significantly greater for the minced graft
group (Table 2).

Isolated TA muscle torque. Because the VML injury was
created only in the TA muscle, its synergists (EDL and EHL
muscles) were distally tenotomized to allow for in vivo torque
assessment of the TA muscle in isolation. TA muscle isometric
torque was assessed bilaterally as a function of stimulation
frequency at 8 and 16 wk postinjury. Within each time point,
there were no differences among contralateral control values at
any stimulation frequency between groups (Fig. 3 and Table 2).
However, at both time points postinjury the injured leg of the
minced graft group generated greater submaximal and maximal
tetanic torques (8–20%) than those of the nonrepaired group, T
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as indicated in Fig. 3. All injured leg values regardless of group
or time postinjury were significantly less than contralateral
control values. Nonrepaired and minced graft-repaired VML-
injured muscles increased maximal torque from 8 and 16 wk
postinjury at similar rate as their contralateral control muscles
(Table 2). Of note, maximal isometric tetanic torque when
normalized to TA muscle weight (a crude estimate of specific
torque) was similar for the injured leg between nonrepaired and
minced graft groups at both time points, and all injured leg
values were significantly reduced compared with contralateral
control muscle (Table 2).

Following isometric testing, a subset of rats at 16 wk
postinjury performed isokinetic functional testing (Fig. 4).
There were no differences between groups at any contraction
velocity for the contralateral control leg. However, for the
injured leg the minced graft group produced �21–26% greater
isokinetic torque from 400 to �400°/s than nonrepaired mus-
cles. Interestingly, the portion of the functional deficit restored
appeared to increase from shortening to lengthening velocities
(e.g., 400°/s vs. �400°/s; �36 vs. 51% of the torque deficit
was restored), potentially reflecting a greater number of active
myosin-actin interactions that are available to bind during
lengthening contractions (33) following regeneration. The in-
jured muscles of the minced graft group performed signifi-
cantly more work (mJ) than those of the nonrepaired group
during 200 to �400°/s isokinetic contractions (Fig. 4B) and
produced significantly more average power during the �400°/s
isokinetic contraction (Fig. 4C).

Histology at the site of VML. Representative TA muscle
cross sections from uninjured, nonrepair, and minced graft-
repaired groups 16 wk postinjury are presented in Fig. 5.
Qualitatively, VML resulted in smaller cross sectional area of
the tissue (which agrees with the gross morphology of the
tissue we observed at harvest). In minced graft-repaired muscle
an area of regenerated tissue is present in the superior portion
of the TA muscle, where the defect was originally made.
Immunohistological observations of the defect area indicated
that little to no muscle fiber regeneration occurred in nonre-
paired muscle at 8 and 16 wk postinjury, as previously reported
(16). In contrast, minced graft-repaired muscles appeared with
the following characteristics: marked regeneration of muscle
fibers within the original defect area at 8 (Fig. 5C) and 16 (Fig.
5, D and E) wk postinjury that approximated the size of native
fibers reported in the literature (3, 16) by 8 wk postinjury (Fig.
9E, sedentary �2,300 �m2) but were not always oriented along
the same plane as the adjacent remaining muscle fibers (e.g.,
Fig. 5E). Additionally, there was an increased collagen 1
presence surrounding the regenerated fibers (see Fig. 9I, sed-
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entary). Lastly, out to 16 wk postinjury there were fibers
located within the defect area with centrally located nuclei,
indicating that regenerative and potentially remodeling events
were still occurring (Fig. 5D).

Innervation of regenerated fibers. An important question
related to the contribution of regenerated muscle fibers in the
area defect to net torque production (Figs. 3 and 5) is that of
innervation. Motor endplates (i.e., �-bungarotoxin staining of a
grouping of acetylcholine receptors) were consistently ob-
served on muscle fibers within the defect area by 8 wk
postinjury (Fig. 6, A and B). To determine if the fibers were
innervated and able to contribute to net torque production, the
common peroneal nerve was repeatedly stimulated to deplete
the glycogen within innervated muscle fibers in minced graft-
repaired muscle (Fig. 6, C–H). Compared with nonstimulated
muscles, fibers in the remaining muscle mass and the defect
area were significantly and similarly depleted of glycogen
following stimulation (Fig. 6D). These results indicate that the
muscle fibers that regenerated in the defect area are innervated.

Prolonged injury in the remaining muscle mass. We have
previously observed that in nonrepaired muscle the remaining
muscle mass after VML exhibits signs of muscle injury out to
16 wk postinjury, presumably due to secondary overload injury
(16, 71). In this study, analysis of standard hematoxylin and
eosin images indicated that �30% of fibers in the remaining
muscle mass of nonrepaired muscle contained centrally located
nuclei, compared with only �7% for minced graft-repaired
muscle (Fig. 7).

To further characterize the impact of VML on the remaining
tissue of nonrepaired muscles, and to determine if transplan-
tation of minced grafts ameliorates these effects, gene expres-
sion analyses were performed on cross sections of muscle
comprised of both the defect area and the remaining muscle
mass. At both 8 and 16 wk postinjury, gene expression for the
structural proteins desmin and dystrophin was significantly
upregulated in nonrepaired (�3–8 fold compared with con-
tralateral muscle) compared with minced graft-repaired muscle
(Fig. 8, A and B). However, desmin protein content was not
significantly different between control and VML-injured mus-
cle of either experimental group (Fig. 8, D–F), suggesting that
desmin protein synthesis is upregulated to match increased
rates of degradation. Further, tranforming growth factor-�1

(TGF-�1) expression was upregulated (�4- to 5-fold) at 8 wk
postinjury for both groups, but remained upregulated only for
nonrepaired tissue 16 wk postinjury (�4-fold; Fig. 8C), sug-
gestive of continued fibrosis secondary to functional overload
in nonrepaired tissue (52, 56).

Impact of Voluntary Wheel Running on Minced Graft
Regeneration

Although transplantation of minced grafts promoted signif-
icant de novo muscle fiber regeneration within the defect site,
the contribution of these fibers to net torque production is
likely suboptimal based on the histomorphological observa-
tions above. In support, maximal isometric torque normalized
to muscle wet weight (N·mm�1·g�1) was not significantly
improved with minced graft repair compared nonrepaired tis-
sue (Table 2). In an effort to improve the histomorphology of
the tissue regenerated in the defect area due to graft transplan-
tation, rats were given access to running wheels starting 7 days
after VML injury and until 8 wk postinjury.

The rats ran on average �1,800 m/day (Fig. 9), the result of
which was a smaller phenotype in terms of body and TA
muscle weights (Table 2), as well as a smaller area (��44%)
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and diameter (��23%) of regenerated fibers at the defect site
(Fig. 9). Of note, the regenerated fiber area and diameter in
sedentary rats were similar to values previously reported (3,
16). It is possible that the reduced fiber area is in part due to a
greater fiber pennation angle in the runners; however, this
seems unlikely since the circularity of the muscle fibers was
not different between groups (P � 0.572). The regenerated
tissue in the defect area presented with less fibrosis following
running, as evidenced by a lesser collagen 1 and a greater
myosin area fraction per field (Fig. 9). Although not statisti-
cally significant (P � 0.456), collagen 1 gene expression was
�40% less for runner than sedentary minced graft-repaired
muscles. Because the inflammatory response is known to
mediate regenerative outcomes in skeletal muscle, gene ex-
pression of the M1 and M2 macrophage markers CCR7 and
CD163 was measured 2 wk postinjury (1 wk of running).
Both markers were significantly upregulated in control and
VML muscles from runner compared with sedentary rats
(Fig. 10), suggesting that modulation of the immune re-
sponse may have played a role in the differential morpho-
logical phenotypes. Ultimately, in response to these changes
and others that may have occurred in the remaining muscle
mass, torque normalized to muscle wet weight was signifi-
cantly improved after wheel running (Table 2), indicating an
improvement in the quality of tissue regenerated after
minced graft transplantation.

DISCUSSION

The primary findings of this study are that minced muscle
grafts transplanted to a fresh wound bed after VML promote
remarkable skeletal muscle fiber regeneration by 8 and out to
16 wk postinjury, reminiscent of that observed previously for
whole muscle regeneration [see Fig. 1 in Carlson and Gutmann
(12)]. The fibers regenerated in the defect area (Fig. 5) were
innervated by 8 wk postinjury, as determined in a glycogen
depletion study (Fig. 6) and had a similar cross-sectional area
(Fig. 9, sedentary) as uninjured muscle fibers reported in the
literature (16). Ultimately, minced graft transplantation im-
proved whole muscle functional capacity, restoring up to
�55% of the functional deficit present in nonrepaired muscle
(Figs. 3 and 4; Table 2).

Comparison of the therapeutic benefit of other treatments
tested in VML models that vary in muscle type, defect geom-
etry, or animal species and strain is difficult (e.g., Refs. 14, 37).
With that in mind, in a TA muscle VML injury in immune
competent mice (C57BL/6J), Rossi et al. (47) reported com-
parable relative (�50% recovery of deficit) results with
transplantation of freshly isolated satellite cells encapsu-
lated in a hydrogel. However, it is worth noting that in the
current study minced graft transplantation resulted in an
improvement in maximal isometric torque (3.3 N/mm) that
is similar to that of the entire mouse anterior crural muscle

Fig. 5. Minced graft transplants promote de
novo skeletal muscle fiber regeneration in
VML-injured muscle. A: whole TA muscle
cross sections from uninjured and VML-
injured NR and MG-repaired muscles 16 wk
after injury are presented. B–E: TA muscle
cross sections probed for myosin (MF20)
and collagen 1 were qualitatively analyzed
for tissue regeneration in the defect area.
Muscles were harvested from NR (B) and
MG-repaired muscles at 8 (C) and 16 wk (D
and E) postinjury. Four to six muscles per
group and time were analyzed. Note: dia-
gram of the TA muscle cross section illus-
trates where the depicted images for each
group were captured. White dotted lines de-
note the approximate interface between the
remaining muscle mass (left) and the defect
area (right). Scale bars � 200 �m.
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unit (15). In the same VML model as used in the current
study, we recently demonstrated that transplantation of a
decellularized muscle-derived ECM failed to support de
novo muscle fiber regeneration and instead remodeled into
fibrotic tissue. Interestingly, the transplanted ECM still
promoted functional recovery (�20% of functional deficit)
out to 16 wk postinjury, which was attributed to either an
improved transmission of force or a protective effect of the
ECM on the remaining muscle mass (16). Given the approx-
imately twofold greater functional recovery observed in the
current study, it is clear that the functional improvements
are not simply due to a “bridging” effect but rather an
increase in functional tissue.

It is likely that the muscle fibers that regenerated in the defect
area contributed suboptimally to net torque production in minced
graft-repaired sedentary rats, due to the increased presence of
ECM deposition (collagen 1�) and in some instances improper
fiber orientation (Figs. 5 and 9). These observations reflect those
previously made by Carlson and Gutmann (12), wherein whole
regenerated rat gastrocnemius muscle from minced grafts did not

appear to transmit forces efficiently, but is in contrast to those
observed in the mouse (49) in which overt fibrosis in the regen-
erate was not observed. In fact, the ECM material in regenerated
tissue in the defect area appears strikingly similar to soleus muscle
following repeated bouts of strain (53), suggesting a shared
mechanism in promoting this phenotype (e.g., prolonged inflam-
matory response or TGF-�1 signaling; Fig. 8). In an attempt to
improve the histomorphology of the regenerated tissue, a subset of
rats in this study were given access to voluntary running wheels.
Although this mode of exercise may not be the most clinically
relevant, running activity has been shown previously to improve
regeneration following toxin-induced injury (61) and to increase
protein content and/or muscle mass of whole soleus muscle grafts
(19, 68) and tissue regenerated from minced gastrocnemius mus-
cle (66). To this effect, wheel running altered the phenotype of the
regenerated fibers, marked by a reduced collagen 1 content in the
defect area. Additionally, the regenerated fibers were on average
significantly smaller than in sedentary animals (Fig. 9), which
may reflect a protective mechanism to mechanical stress (27, 39,
53). Regardless, these changes in morphology, along with poten-
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tially others in the remaining muscle mass, promoted a significant
improvement in isometric torque when normalized to body weight
and muscle weight (Table 2), suggesting an improved contribu-
tion of the regenerated muscle fibers to net torque.

The early host response to transplanted materials determines
successful tissue regeneration. This has long been recognized,
as Hoja in 1958 (24) postulated that nonautologous muscle
grafts fail at the time when revascularization allows for im-
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mune cell invasion. In regards to regeneration, macrophage
activity is crucial for the repair of injured skeletal muscle (67)
and, more specifically, distinct macrophage populations (M1

and M2) have been shown to, respectively, mediate the degen-
erative and regenerative events after injury (3, 48). Carlson

(11) described minced grafts of a whole gastrocnemius muscle
during the second week after transplantation as being marked
by myogenic regeneration and the formation of new ECM
macrophages and other mononuclear monocytes were observed
among the regenerating tissue. Our 2-wk postinjury observa-
tions of minced grafts transplanted in a wound bed are in line
with these findings (Fig. 2). Additionally, we observed that the
muscles repaired with minced grafts presented with an M2

macrophage polarization, as determined by gene expression,
which coincided with an upregulation of myogenic (e.g., myo-
genin) and angiogenic (e.g., CD31) gene expression and ECM
deposition (Fig. 2). These findings are in accordance with a
recent report indicating that successful constructive remodeling
of biological ECMs are related to M2 macrophage polarization
2 wk after transplantation (7). Interestingly, voluntary wheel
running appeared to modulate the acute immune response in
minced graft-repaired muscles (Fig. 10) by increasing gene
expression of M1 (CCR7) and M2 (CD163) macrophages,
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which corresponded with an apparent improvement in myo-
genesis (i.e., greater myosin per collagen content in the defect
area; Fig. 9). Further study may be warranted to address
immune modulation for the betterment of functional outcomes
with minced graft repair.

Orthopedic care for extremity trauma focuses primarily on
bone healing and mitigation of infection, with soft tissue
therapies being considered later, if at all. In previous preclin-
ical studies of VML, little attention has been given to the
“health” of the muscle left after VML, instead focusing on
aberrant regeneration in the defect area. Previously with this
VML model, we made qualitative observations of prolonged
(out to 16 wk) muscle fiber injury and documented increased
fibrosis in the remaining muscle mass (16), which was pre-
sumed to result from functional overload. Similarly, in the
current study �30% of the muscle fibers in nonrepaired muscle
had centrally located nuclei 16 wk postinjury (Fig. 7), suggest-
ing that the remaining muscle is undergoing chronic cycles of
degeneration and regeneration. In support, TGF-�1 expression
was upregulated at 8 and 16 wk postinjury in nonrepaired
tissue, the chronic activity of which plays a role in developing
fibrosis and inhibiting myogenesis in dystrophic muscle (1, 4).
In addition, at these prolonged time points, gene expression for
the structural proteins dystrophin and desmin, which would
likely be damaged in response to functional overload (29), was
also upregulated without repair. Moreover, 2 wk postinjury the
nonrepaired muscle exhibited extensive damage localized
within the remaining muscle mass near the defect area marked
by macrophage invasion (CD68� cells) and muscle fiber dis-
ruption (Fig. 2). Given that this VML model only removes
�20% of the TA muscle, it is likely that more severe VML
would exacerbate this potentially myopathic phenotype. Inter-
estingly, transplantation of minced grafts ameliorated this re-
sponse. It is unclear if the minced graft treated or protected,
potentially by providing trophic factors or mechanical stability,
respectively, the remaining muscle mass from chronic injury.
However, these results do highlight the need for an early
intervention to treat VML.

Given the limited treatment options available for VML (22),
the clinical relevance of the current treatment modality should
be addressed. When considering compromised bone regenera-
tion, bone autograft, most commonly derived from the iliac
crest, has long been the gold standard (51). This strategy is
effective and because biologically relevant material compatible
with and beneficial for its intended application is applied, i.e.,
bone autograft contains osteogenic, osteoconductive, and os-
teoinductive elements that are critical for improving bone
regeneration (51). With the use of bone as a corollary, it can be
argued that the skeletal muscle autograft approach supplies
myoconductive, myoinductive, and myogenic elements condu-
cive to improved muscle regeneration. For example, the ECM
may facilitate progenitor cell attachment (54) and thus be
considered myoconductive. Growth factors associated with
skeletal muscle extracellular matrixes and within mature mus-
cle fibers could all act as inductive agents (59, 70). The
myogenic component may be attributed largely to the delivery
of satellite cells delivered within their niche, similar to that
reported by Collins et al. (13) where the transplantation of
single fibers resulted in a substantial satellite cell delivery. As
it relates to the current study, the delivery of minced muscle is
essentially the delivery of bundles of single fibers; therefore, it

then follows that there was a considerable transfer of satellite
cells. This association (myogenic cell delivery via minced
muscle fragments) was also exploited by Bierinx and Sebille
(5) as a clinically relevant means to prevent incontinence. A
limitation in the current study is the use of the portion of the
muscle explanted to create the VML as the source for minced
grafts. The clinical translation of minced grafts for the treat-
ment of large VML injuries will require the selection of a
donor site and consideration of its morbidity, which will be
addressed in future studies.

As with bone regeneration where osteoconductive, osteoin-
ductive, or osteogenic substitutes or adjuncts are being devel-
oped, a substantial effort has been and will continue to be
directed towards developing substitutes for myoconductive,
myoinductive, and myogenic elements for VML repair. How-
ever, as opposed to that described for bone injury where
autograft represents the standard to which other developments
are compared (51), no such standard currently exists for the
volumetric loss of skeletal muscle. Herein we provide compel-
ling data to suggest that the autologous transfer of minced
skeletal muscle is an appropriate standard for the future ad-
vancement of VML therapies.
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